Unlike most DNA viruses, poxviruses replicate in the cytoplasm of host cells. They encode enzymes needed for genome replication and transcription, including their own thymidine and thymidylate kinases. Some herpes viruses encode only 1 enzyme catalyzing both reactions, a peculiarity used for prodrug activation to obtain maximum specificity. We have solved the crystal structures of vaccinia virus thymidylate kinase bound to TDP or brivudin monophosphate. Although the viral and human enzymes have similar sequences (42% identity), they differ in their homodimeric association and active-site geometry. The vaccinia TMP kinase dimer arrangement is orthogonal and not antiparallel as in human enzyme. This different monomer orientation is related to the presence of a canal connecting the edge of the dimer interface to the TMP base binding pocket. Consequently, the pox enzyme accommodates nucleotides with bulkier bases, like brivudin monophosphate and dGMP; these are efficiently phosphorylated and stabilize the enzyme. The brivudin monophosphate-bound structure explains the structural basis for this specificity, opening the way to the rational development of specific antipox agents that may also be suitable for poxvirus TMP kinase gene-based chemotherapy of cancer.
T
here has been growing concern about poxvirus because of the recent emergence of human monkeypox infections in Africa and the U.S. (1) and possible bioterrorism threats. The human population is now susceptible to smallpox since the vaccination program was stopped in 1979 after eradication of the disease. Poxviruses comprise a large family of double-stranded DNA viruses that replicate in the cytoplasm of the host's cells (2) . Vaccinia virus (Vacc), the Orthopoxvirus family prototype (3) , has a genome with Ϸ200 ORFs, and some of the proteins they encode are potential therapeutic targets (4) . Recent studies have identified several active compounds, including inhibitors of vaccinia protease (5) , envelope protein (6) and DNA polymerase such as thymidine analogs (7), and ester lipid analogs of cidofovir (8, 9) .
Orthopoxviruses are the only viruses that encode their own thymidine kinase (TK) and thymidylate kinase (TMPK) although herpes simplex virus type 1 (HSV1) and varicella-zoster virus (VZV) encode a TK that has both activities. The potent selective activity of anti-herpes virus nucleoside analogs such as acyclovir (10) , ganciclovir (11) , and brivudin (BVdU) (12) relies on a specific phosphorylation by the virus thymidine kinase. After conversion of the nucleoside into the required triphosphate form (13) , the nucleotide analog can interact with the virus DNA polymerase as a competitive inhibitor with respect to TTP and as an alternative substrate affecting DNA stability and processing during viral growth. The drugs approved for treating herpes virus infections opened the way to antiviral therapies. The same approach may be used to treat orthopoxviruses.
In contrast to human cytosolic TK1, Vacc-TK phosphorylates efficiently araT (14) , BVdU (15) , N-methanocarbathymidine (16, 17) , and novel bulky 5-substituted deoxyuridine analogs that are active against vaccinia virus and other viruses (18) . We have focused on the thymidylate kinase encoded by vaccinia virus (Vacc-TMPK) that is 42% identical to human TMP kinase (hTMPK). A clearer understanding of the differences between Vacc-TMPK and human TMPK should help to improve the design of analogs that are specifically phosphorylated during virus infection. The Vacc-TMPK gene, A48R, is an immediateearly gene of the virus. These genes tend to encode virulence factors (19) . Vacc-TMPK phosphorylates TMP, dUMP, and 5-halogenated-dUMP as does the human enzyme, but it also phosphorylates dGMP (20) . The 5-I-dU efficiently suppresses vaccinia virus infections in mice (21) . The final target of 5-I-dU is vaccinia virus DNA polymerase, also the target of cidofovir, an acyclic cytosine nucleoside phosphonate analog that blocks poxvirus infections (9) .
Vacc-TMPK belongs to the NMP kinase family, whose members have a highly conserved fold but less well-conserved sequences (20-40%). The structure of hTMPK (22) has features in common with bacterial TMPKs, such as Mycobacterium tuberculosis (Mt) (23) and Staphylococcus aureus (Sa)v (24) and herpes viral TK (25, 26) . They fold with a central 5-stranded ␤-sheet surrounded by helices that are made up of 3 domains: LID, NMP binding, and CORE. The CORE domain involves the P-loop and the ATP-binding site. The LID domain is rather flexible, closing down on the substrate cleft and allowing phosphate transfer. All known TMP kinases are dimeric and have similar CORE domains.
This report describes the structures of Vacc-TMPK bound to TDP and to BVdU-MP. The poxvirus enzyme is a dimer, like hTMP kinase. The TDP-bound structure carries at the active site TDP plus PPi plus Mg 2ϩ . These provide valuable insights into its catalytic mechanism. Its mode of dimerization is surprising: The two subunits interact in an orthogonal fashion, in contrast to the antiparallel interactions of human, herpes, and several bacterial TMPKs and to the parallel interaction of the Mt TMPK. This unusual monomer tilting is closely correlated with enzyme stability and with the presence of a cavity allowing broader substrate specificity, as shown by the structure of the BVdU-MP-bound enzyme.
Results
Vacc-TMPK Overall Structure and Oligomerization. The structure of Vacc-TMPK bound to TDP was determined by molecular replacement and refined to a resolution of 2.4 Å. Data and refinement statistics are summarized in supporting information (SI) Table S1 . Arg-93, which is part of the DRX motif of thymidylate kinases, is the only residue lying outside the allowed regions of the Ramachandran plot, in agreement with the structures of other enzymes in this family. The overall Vacc-TMPK structure has an ␣/␤ fold with a 5-stranded parallel ␤-sheet surrounded by 9 ␣-helices, similar to that of the human enzyme ( Fig. 1 A and B) (22) . Superimposing the structure of the vaccinia enzyme on that of the human enzyme provided an RMSD of 1.16 Å over 199 C␣ atoms. The main differences were in the loops connecting helix ␣1 and strand ␤2, helices ␣5-␣6 and helices ␣7-␣8 (the LID region) because of the deletion of residues in Vacc-TMPK (Fig. 1C and Fig. S1 ). Pox enzymes are well-conserved, Vacc-TMPK differing in only 2 to 3 residues from other poxvirus TMPKs, most of them located within loops (residues 30, 103, and 148 in Fig. 1C ). The sequences of TMPKs in the known vaccinia virus strains are identical (Fig. 1C) .
The vaccinia virus enzyme crystallized as a dimer in the asymmetric unit. The dimer subunits A and B had a noncrystallographic twofold symmetry resulting in the orthogonal stacking of helices ␣2, ␣3, and ␣6 as well as the loop connecting ␣2 and ␣3 with their symmetry-related equivalents (symmetry C2).
This packing buries Ϸ880 Å 2 of each subunit, i.e., 11.5% of the surface of the monomer. The interface is formed of a closely packed hydrophobic core (74% of nonpolar atoms) with 7 hydrogen bonds. These values are equivalent to those obtained for the buried surfaces of other TMPK dimers (human 780 Å 2 , Mycobacterium 840 Å 2 , TK HSV1 900 Å 2 ). They are typical of dimeric protein interfaces that, on average, bury Ϸ14% of the subunit surface and contain 62% of hydrophobic atoms and Ϸ1 hydrogen bond per 100 Å 2 (27) .
The angle between two equivalent ␣3 helices is Ϸ80°, resulting in almost orthogonal dimer packing. This association is quite different from the structures of other TMPKs, where the helix stacking is antiparallel (human, Escherichia coli, Sa) (Fig. 2) or parallel (Mt). The sequences of human and vaccinia helix ␣3 are very similar (3 differences among 13 residues). There are 14 residue substitutions between the human and vaccinia dimer interfaces contributing to the dimer reorganization (Fig. 1C) . Among them, the Pro-120 to Tyr-115 substitution in helix ␣6 would introduce a steric clash precluding the antiparallel packing of the Vacc-TMPK dimer.
Active Site. Vacc-TMPK crystals were grown in the presence of TDP, the product of TMP phosphorylation. TDP was present in the NMP site of subunits A and B of the asymmetric unit. A strong extra density was seen in subunit B at the position expected for the ␤ and ␥ phosphates of the phosphoryl donor ATP, as inferred by superimposition on the human enzyme in complex with TDP and ATP ( Fig. 1 A and B) . This density was modeled as a pyrophosphate. Excess TDP was presumably bound to the ATP site, but nucleoside moiety and ␣ phosphate were not visible in the electron density. Because these bound species were reactive, we saw an average density, representing either TMP plus PPi or TDP plus Pi (Fig. S2 ). Among the 4 phosphates at the B subunit active sites, the two central ones had a lower electron density, reflecting half-occupation because of the phosphotransfer. This feature was refined by using alternate conformations with the transferred phosphoryl group on either the acceptor site (TDP) or the donor site (PPi). The difference between the 2 active sites in the A and B subunits could be due to the crystal packing that stabilizes the lid in B and allows lower B-factors.
The binding of TDP at the NMP binding (acceptor) site was similar to the binding of TMP to hTMPK. The base was stacked to Phe-68 with its oxygen O4 bound to Arg-72, both residues belonging to the ␣3 helix. The sugar sat between Tyr-101 and Leu-53, and the P-loop appeared to have a closed conformation (22) with the carboxylate of Asp-13 hydrogen bonded to the 3Ј hydroxyl of TDP (Fig. 3A) . The P-loop was held in this closed conformation by the H-bond between Tyr-101 and Asp-13. The ␣-phosphate was bound to Arg-93 (from the DRX motif) and Arg-41, whereas the ␤-phosphate was bound to Arg-41, Lys-17, and the magnesium ion.
At the donor site, the pyrophosphate was bound to the P-loop. Its first phosphate occupied the position of the ␤-phosphate of ATP and was bound to all main-chain nitrogens from Lys-14 to Thr-18, and to Thr-18 side chain. Its second phosphate occupied the position of the ␥-phosphate of ATP and was bound to the Lys-14 side-chain and main-chain nitrogens and to Mg 2ϩ . The magnesium ion in the B subunit had octahedral coordination geometry but was pentacoordinated with an apical ligand missing (Fig. S3) . A magnesium ion was also found near the TMP binding site of Mt-TMPK (23).
There was a major difference between the acceptor sites of the vaccinia and human TMPKs at the rear of the base binding pocket. In hTMPK, the pocket is closed by the H-bonded side chains of His-69 (in ␣3 helix) and Thr-106 (in ␣6 helix). The equivalent residues in Vacc-TMPK are Asn-65 and Ala-102, which do not interact. Instead, Asn-65 made polar contact with Lys-105, so that the Asn-65 side chain was rotated by 120°c ompared with that of His-69. The residues in the secondary shell around the active site (and near the dimer interface) were Leu-111 and Ala-107 (␣6 helix) in Vacc-TMPK and Trp-116 and Phe-112 in hTMPK. Consequently, the cavity of the base binding pocket was much larger in Vacc-TMPK and was connected to the solvent through a channel that ended in the vicinity of the dimer interface (Fig. 3B) . This cleft at the back of Vacc-TMPK extended between ␣3 and ␣6 and greatly reduced contact between these helices, creating a packing defect within the monomer. The packing between ␣3 and ␣6 involved only half as many residues in the Vacc-protein compared with the human enzyme and buried at least 40% less surface (420 versus 750 Å 2 ). (Fig. S4) . We investigated the acceptor site by comparing the inhibition of Vacc-and hTMPK by several nucleosides. Vacc-TMPK was more sensitive to dT than was the human enzyme (Table 1 ). This agrees with the previous determination of dT affinity by a competition assay using fluorescent TDP analog as a probe: K D dT was Ϸ2 M for Vacc-TMPK and 40 M for the human enzyme (20, 28) . The better affinity of dT for the vaccinia enzyme is probably due to the P-loop Asp-13 maintained in closed conformation by H-bonding to Tyr-101, a residue replaced by Phe in hTMPK. The absence of a 5-methyl resulted in a much poorer inhibition of Vacc-TMPK activity (K I dU ϭ 1 mM compared with K I dT ϭ 25 M) ( Table 1) but inserting a halogen atom in the 5 position restores inhibition. 5-Br and 5-I-dU were among the most efficient inhibitors (Table 1) . These data correlate with the catalytic efficiencies of their monophosphate form, k cat /K M ϭ 5 ϫ 10 4 and 3.8 ϫ 10 4 M Ϫ1 s Ϫ1 for 5-Br-dUMP and 5-I-dUMP, respectively (20) . Substrate inhibition was observed at high concentration for 5-I-dUMP (Fig. S4) , an inhibition devoid of physiological significance and generally attributed to unproductive binding of the ligand at the same site or at a secondary site. The 5-bromovinyl moiety was accommodated by the Vacc-TMPK (K I BVdU ϭ 0.5 mM) better than by the human enzyme (K I BVdU ϭ 1.1 mM). However, the presence of 2 halogens on the vinyl moiety reduced its specificity for the viral TMP kinase (Table 1) . Further measurements of the phosphorylation of these derivatives as monophosphates are needed to confirm these results. Our data agree with the observed plasticity of the Vacc-TMPK acceptor site.
We solved the structure of Vacc-TMPK bound to BVdU-MP at a resolution of 2.9 Å (Fig. S5 ) to obtain further insight into this phenomenon. We measured the anomalous signal originating from the bromine atom of the nucleotide analog so as to unambiguously position it in the active site, Fig. 3B shows BVdU-MP in the TMP site channel. The presence of a bromovinyl group in position 5 caused the glycosyl bond to rotate from anti to syn to accommodate the bulky group in the extra cavity of the vaccinia enzyme active site. The replacement of His-69 and Thr-106 in the human enzyme by Asn-65 and Ala-102, respectively in the pox enzyme, and the resulting side chain flipping, clearly opens the active site to bulky groups. The BVdU-MP is specifically recognized by a bromine halogen bond with the Asn-65 side chain (29) .
Conformational Stability of Vacc-TMPK. We have considered the relationship between the unusual active-site geometry, the dimerization mode and the stability of TMP kinases by studying the thermal unfolding of Vacc-TMPK and hTMPK. Unfolding was analyzed by microcalorimetry between 10°C and 80°C, at pH 7.5 at a protein concentration of 1.5 mg/ml. The thermal unfolding of both proteins was irreversible, as for HSV-1-TK and Mt-TMP kinase (30, 31) . The midtemperature (Tm) of thermal denaturation was 42.5°C for the viral enzyme and 52°C for the human enzyme. Mt-TMPK is reported to be much more stable with a Tm ϭ 68°C without ligand, and 75°C with 1 mM TMP (31) . Adding 1 mM TMP increased the Tm of Vacc-TMPK by 4.9°C and that of hTMPK by 7.7°C, in agreement with findings for another viral kinase, HSV-1-TK, that is also not very temperature stable (Tm ϭ 43.5°C) and was stabilized by its substrate T (Tm ϭ 52.6°C) (32) . The BVdU-MP stabilized the Vacc-TMPK by 2.8°C and marginally modified the human TMPK Tm, whereas dGMP increased the Vacc-TMPK Tm by 2.3°C but by only 1°C for hTMPK (Table S2 ). These results demonstrate the preferential binding of BVdUMP and dGMP to vaccinia enzyme.
Discussion
Although the vaccinia and human TMPKs have similar sequences and monomer folds, their quaternary structures are remarkably different. Like the human enzyme, Vacc-TMPK is a homodimer. Because close homologs (Ն30 -40% identity) should interact in almost the same way (33), we originally proposed an identical dimeric association (20) . The dimer interfaces of both enzymes involve the same helices (␣2, ␣3, and ␣6), but their arrangements are different. The packing of the ␣3 helices is antiparallel in the human (22) , yeast (34) , and Sa (24) enzymes but almost orthogonal in Vacc-TMPK (Fig. 2) . This unusual structural property of the Vacc-TMPK appears to be related to a broader substrate specificity, and this may now be exploited for rational drug development.
The Mt enzyme (22% identity with hTMPK) also differs from the human enzyme in that the dimer is parallel. The buried areas are similar (Ϸ1,700 Å 2 ) in all 3 types of packing, but the stabilities of the enzymes differ greatly. The Mt dimer is resistant to temperatures Ͼ65°C because of a salt bridge between monomers (23) . Although the dimer interfaces of the human and vaccinia enzymes have very similar physicochemical properties, their thermal stabilities differ by Ͼ10°C: hTMPK has a Tm of 52°C, whereas that of Vacc-TMPK is 42.5°C. A similar marginal stability has also been reported for HSV1-TK (32) .
An important finding was the smaller contact area between helices ␣3 and ␣6 within the Vacc-TMPK monomer. The residues involved in the interaction of helices ␣3 and ␣6 in hTMPK constitute a second shell of bulky residues at the rear of the active site, and their absence creates a large canal between the thyminebinding pocket of Vacc-TMPK and the surface of the protein, emerging at the edge of the dimer interface (Fig. 2B) . The stability and flexibility of a protein are directly correlated with its packing density (35, 36) , and this cavity should make a major contribution to the decreased stability of the enzyme. The orthogonal dimerization probably counterbalances this effect. In the context of a packing defect between helices ␣3 and ␣6 in the vaccinia monomers, the orthogonal dimerization, which is unprecedented among the NMP kinases, brings these helices perpendicular to their equivalents (␣3Ј and ␣6Ј) of the other subunit. This geometry avoids propagating the packing defect between monomers and thus helps stabilizing the interaction between these helices. Together, these properties make the active site more plastic and able to accommodate bulky molecules like pyrimidines with large groups at the C-5 position (BVdU-MP) or even purine nucleotides (dGMP). The binding of these bulky substrates to the TMP site is demonstrated by their ability to be phosphorylated and protect the enzyme from thermal denaturation. The shape of the TMP-binding pockets of these related enzymes vary remarkably, as described for protein pockets binding the same ligand (37) . This diversity is most important for designing specific drugs. The structure of the BVdU-MP bound to the vaccinia enzyme shows the key role of the halogen bond in its recognition and explains the molecular basis for such specificity.
The differences in the specificities of vaccinia TK and TMPK and their human counterparts must be studied to understand analog phosphorylation by vaccinia virus-infected cells. Vacc-TK accepts major changes in the substrate 5 position (14, 18) . BVdU-MP prodrugs like cyclosal-BVdU monophosphate are active in vitro against vaccinia virus infection of Vero cells (38) , in agreement with our structural and kinetic findings. Moreover, BVdU is a better inhibitor (EC 50 Ϸ1 M) of the infection of human embryonic lung (HEL) cells in culture by vaccinia virus than is cidofovir (result not shown).
Our findings also provide a rational basis for the use of vaccinia virus TMPK genes in combined suicide gene/ chemotherapy in conjunction with specific substrates such as BVdU derivatives. Vaccinia viruses are already considered to be efficient vectors for gene therapy and as oncolytic viruses that specifically target tumors (39) . A combination of both approaches could result in synergistic inhibitory effects.
In conclusion, our studies have shown that the unusual dimeric packing of Vacc-TMPK is correlated with an enlarged substratebinding site, which should allow the rational design and development of novel Vacc-TMPK substrates. We have already demonstrated that nucleotides like brivudin monophosphate are a promising lead and provided the structural basis for further specific drug development.
Materials and Methods
Chemicals. Nucleoside analogs were from Sigma. BVdU monophosphate was synthesized by L. Kerremans (Rega Institute for Medical Research, Leuven, Belgium). Cidofovir was from Gilead. 5-(1,2-dihalo)vinyl-dU was synthesized as reported (40) .
Protein Purification and TMPKs Assays. His-tagged Vacc-TMPK and human TMPK were synthesized and purified to homogeneity as previously described (20, 41) . The purified proteins were equilibrated by dialysis against 50 mM Tris⅐HCl (pH 7.5) buffer containing 20 mM NaCl, 1 mM DTT, and 50% glycerol. The forward reaction of TMP kinase at 37°C was followed at 340 nm by measuring ADP formation (20) .
Crystallization and Data Collection. TDP/MgCl 2 or BVdU-MP/MgCl2 were added to Vacc-TMPK before initial screening with NeXtal kits. A Cartesian Technology pipetting robot was used to set up 200-nl sitting drops in 96-well microplates at 20°C (Greiner). Final TDP cocrystals were grown by mixing 1 l of 5 mg/ml Vacc-TMPK, 5 mM TDP, 10 mM MgCl 2, and 1 l of the reservoir solution containing 23% (wt/vol) polyethylene glycol 400 (PEG400), 100 mM sodium acetate, and 100 mM Mes buffer (pH 6.5). Crystals were soaked in the reservoir solution supplemented with PEG400 (final concentration: 25% wt/vol) and then frozen at 100 K. Data were collected on beamline ID14 -1 at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France, by using a wavelength of 0.934 Å. The crystal system is orthorhombic, space group P2 12121, with 2 molecules per asymmetric unit. Final BVdU-MP cocrystals were grown by mixing 100 nl of 10 mg/ml Vacc-TMPK, 28 mM BVdU-MP, 5 mM MgCl 2 and 100 nl of 24% PEG 2000 MME, 0.1M Tris⅐HCl (pH 8.5). Crystals were soaked in the reservoir solution supplemented with 20% (wt/vol) glycerol, 5 mM MgCl2 and 10 mM BVdU-MP and frozen at 100 K. Microcrystals were screened on the ID23-2 microfocus beamline, and anomalous data were collected near the Br K-edge absorption wavelength (0.9198 Å) on beamline ID23-1 (ESRF). The crystal system is orthorhombic, space group P2 12121, with 2 molecules per asymmetric unit. Data were processed and scaled with the XDS package (42) ( Table S1 ).
Structure Determination. The structure of the TDP/Vacc-TMPK complex was solved by molecular replacement with PHASER (43), by using human TMPK (PDB ID 1e2g) as search model. This structure was subsequently used to solve the BVdU-MP/Vacc-TMPK complex by using the same method. The nucleotides in the 2 molecules of the asymmetric unit immediately gave clear electronic density in both cases. The initial model was rebuilt by using COOT (44) . CNS (45) and Phenix (46) were used for refinement, which was monitored by using the free R factor (47) . Simulated annealing plus a light noncrystallographic constraint were initially used. In the final steps, we placed water molecules in residual densities Ͼ2.5 standard deviations. The final TDP-TMPK model contained 2 polypeptide chains, 2 TDP molecules, and a pyrophosphate molecule, and the final BVdUMP-TMPK model contained 2 polypeptides and 2 analog molecules. The models were evaluated by using COOT validation tools and PROCHECK (48) . Models were superimposed with lsqkab from the CCP4 suite (49) . The surface buried by protein-protein interaction was calculated by using CNS with a molecular probe of 1.4-Å diameter. A summary of the refinement and data statistics is given in Table S1 . The structure representations were realized by using PyMOL (50) .
Differential Scanning Microcalorimetry. Differential scanning microcalorimetry was carried out on a Model 6300 Nano-DSC III (Calorimetry Sciences). Samples were dialyzed against 50 mM Tris⅐HCl (pH 7.5) and degassed for 5 min under vacuum before loading. The scan rate was 1.0°C/min. After the first heating scan, the samples were scanned for a second time to estimate the reversibility of the unfolding transition. Buffer baselines were measured under identical conditions and were removed from corresponding sample data.
